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Calculated loading rates of trace metals into the three environmental compartments demonstrate that human activities
noH have major impacts on the global and regional cycles of most of the trace elements. There is significant contamination
of freshwater resources and an accelerating accumulation of toxic metals in the human food chain.

THE inventor, of emissions from different industrial sources is
needed both in global mass balance models for trace metals and
also for relating the mesoscale variations in aerosol concentra-
tion and composition to global circulation patterns. Estimates
of the source strengths are a necessary first step in the design
of pollution control programmes, and are also invaluable in the
assessment of the long-term ecological and health impacts of
the large quantities of toxic metals now being dispersed global!)
in the different environmental compartments'. One of us
i j .O.N.I previously presented a global inventory of
anthropogenic emissions of Cd. Cu, Ni, Pb and Zn to the
atmosphere in 1975 (ref. 21. The present report provides a
revision of the earlier data and extends the calculations to nanv
more trace elements. We also present, for the first time, world-
wide inventories of industrial/municipal discharges of trace
metals into soils and the aquatic ecosystems. The calculations
provide some perspective on the problem of toxic metal
pollution as a global and regional issue.
Source function
The emission factors for the release of trace elements to the
atmosphere are shown in Table 1, and are based on the review
of emission studies in Western Europe, the United States.
Canada and the Soviet Union'. It is known1 that pollution
control strategies in the developing countries are often less
stringent than those of Europe and North America,. The emission
factors used in this report may thus under-represem the global
rale of metal emissions.

In most cases, the ranges in the emission factors listed in
Table 1 fall within a factor of 2-10. Basically, the range is
determined by (I) the concentrations of th* trace elements in
the raw material; (2) the production technology employed in
the emitting industry; and (3) the type and efficiency of the
pollution control installations. The concentrations of trace ele-
ments in industrial raw material and the associated airborne
wastes can obviously vary by more than a factor of 2-10. For
example, the As concentrations in coal range from 0.34 to
130u.gg~' and reach l,300|tg|~' in tome dechoslovakian
lignites4. Such coals with extreme As levels art used locally for
domestic purposes and although they can be excluded in deriv-
ing the global As emission inventory, lacy certainly should be
considered in estimating the local or even national emissions.

Special attention has been given to deriving the correct
emission factors for various production tcchmlofM* within the
same industry. This is particularly true of the high-temperature
processes employed in non-ferrous metal smelters (roasting,
smelting and refining steps), iron and steel production (electric
arc and basic oxygen furnaces versus the otdcf open-hearth
plants), and wet versus dry kiln operation* in the cement
industry. Refuse incineration is becoming • very important
source of trace metals in the atmosphere*. Became of the large
difference in the chemical make-up of the refuse inputs in various

countries, it is difficult to select a reasonable range of emission
factors for this source and the values used in this stud) are \er>
tentative. Metal applications in various industries as well as
specific uses of certain metals can also emit significant amounts
of trace metals; such contributions have been lumped under the
miscellaneous heading (Table 2).

Practically every industry discharges one trace metal or the
other into the water or soil. We have limited our inventory to
the principal industrial and commercial users of water and
producers of solid wastes. Extensive data bases currently exist
on the trace metal concentrations in industrial and municipal
solid wastes and aqueous effluents (for example, see refs 5-19)
and the emission factors in Table 3 are based on a critical suney
of the published literature. In general, where the reported con-
centrations appear to be too high, the lower end of the concentra-
tion range has been adopted in this report.

The average serviceable lives of the major metal-containing
products are unknown. In estimating the loadings into the soils,
we have assumed, quite tentatively, that for the metals inamely
Mn. Mo. Ni. Sb and Vi used primarily in manufacturing durable
goods, only l-5cj of their global production is wasted (discar-
ded, applied or washed off due to corrosion i annually on land.
For Cd, Cu. Pb Cr and Zn which find significant applications
as fertilizer, pigment, lubricant or chemicals, the wastage rate
is assumed to be 5-10% of the annual production figure. For
Hg (used extensively as pesticide) and Se (widely used as an
additive in animal and poultry feeds i. the wastage rate is con-
servatively estimated to be 10-15%. 'About 80-90% of the As
produced each year is applied on soils as agricultural organic
pesticides.

It is impossible to place an error range on the calculated
inventories. The exact global value of the metal consumed or
waste generated are unlikely to differ from those used in this
repon by more than a factor of two or so; a single number rather
than a range in values for the annual global discharge or produc-
tion/consumption has been employed in this paper. The prin-
cipal uncertainty in calculating the contribution from each
source therefore stems from the wide range in metal concentra-
tions in the discharges. We have endeavoured to use the common
ranges in the reported concentrations and unlike most of the
previously reported inventories10"2', we have eschewed the use
of an 'average' emission factor in the calculations.

Validation of the global and regional inventories of trace
metal emissions published by us has been encouraging. The
trace metal profiles (or record's) in the Arctic snowfieids* . lake
sediments and peats (see ref. 28 for a good overview), and
soils1"9 are in reasonable accord with the calculated historical
changes in rates of anthropogenic emissions to the atmosphere:.
Using a mass balance receptor model. Pacyna et at10'" obtained
a good fit between the atmospheric concentrations at Ny
Alesund, Spitsbergen, and the estimated emissions of trace
metals for European sources. Such an agreement between the
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emission estimate* and the trace metal distribution in the
environment suggests that the model u<ed in the source inventory
does yield data that are or the right order of magnitude.
Atmospheric emissions
The emission factors and the statistics on global production or
consumption of industrial goods have been used to calculate
the worldwide emissions of trace metals to the atmosphere
(Table 21. (A blank in this table implies an insignificant contribu-
tion from a particular source.) For most of the trace elements,
the calculated total emissions vary by a factor of 2-3; the median
values are also shown and may be considered the 'average* rates
of global emissions.

Combustion of hard coal, lignites and brown coal in electric
power plants and in industrial, commercial and residential bur-
ners is the major source of airborne Hg, Mo and Se and a very
significant source for As, Cr, Mn, Sb and Tl. Combustion of
oil for the same purpose is the most important source of V and
Ni and is an important contributor of Sn. The non-ferrous metal
industry accounts for the largest fraction of Pb (in addition to
gasoline combustion). As, Cd, Cu and Zn emined. Chromium
and Mn are derived primarily from the iron and sue! industry
(see Table 21

Our data generally differ from the emission rates that have
been reported in the literature. Some of the previous studies
have not adequately assessed the important emission sources
and the emission factors used have not always considered the
differences in industrial processes and pollution control

strategies. For example, the emission rates reported by Lantzy
and Mackenzie21 are very different from our estimates. They
calculated the industrial emissions on the basis of published
chemical composition of metal-enriched, fine-grained aerosols,
and estimated the fossil fuel contributions assuming, quite
erroneously, that 90% of the metal concentrations in the oil and
coal is released to the atmosphere. Their emission rate for lead
also excluded the very important automotive contribution.

Previous estimates2"4 " of anthropogenic emissions of Hg
generally fall in the range 2,000-10,000 tonnes, and are in
agreement with our own inventory. The reported As emission
rates of 23,600-28.000 tonnes10" fall dose to the maximum
values in Table 2. The total (volatile*paniculate) Se emission
of 6.700-8.300 tonnes recently reported by Ross:* is in good
agreement with our own estimate of 3,020-9,625; it is gratifying
to noti that the Se emission rate of 6,000 tonnes yr~' recently
reported by Mosher and Duce*4 is identical to our own estimate
(see footnote. Table 2). The inventories for 1975 previously
reported by Nriagu: were 56,000,449.000,470,000 and 314,000
tonnes respectively forCu, Pb, Ni and Zn. The current (1983/84)
emission rates for Cu, Pb and Zn are lower than those of 1975.
due mostly to the overall global reduction in the emission of
particulates by industries and the phase down in the consump-
tion of leaded gasoline". It seems that the rate for Ni in 1975
was underestimated.

Mean global emissions rates from natural sources have
recently been estimated to be (in tonnes per year) 7,800 for As.
l.OOOforCd, 5,400 for Co. 19,000 for Cu, 516,000 for Mn, 26,000
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for Ni. 19.000 for Pb, 66.000 for V. 416,000 for Zn (all from ref.
3) and 6.000 for H| (ref. 24). The most recent estimate suggests
that 6,000-13,000 tonnes of Se are annually released to the
atmosphere from natural sources with 60-80% of the total Se
emission being of marine biogenic origin**. A comparison of
these fluxes from natural sources with the anthropogenic
emissions in Table 2 leaves no doubt as to the influence of
industrial activities on the atmospheric cycle of the trace etc-
ments. On average the anthropogenic emissions of As. Cd, Cu,
Ni and Zn exceed the inputs of these element* from natural
sources by about two-fold or more; in the case of lead, the ratio
of anthropogenic to natural emission rates is about 17.

Discharges into water
The main industrial use for water is in the cooling system. We
have, however, considered only the generation of contaminated
process waters in deriving the inventories in Table 4. The major
sources of trace metal pollution in aquatic ecosystems including
the ocean are domestic wastewater effluents (especially As, Cr,
Cu, Mn and Ni), coal-burning power plants (As, Hg and Se in

particular), non-ferrous metals smelters (Cd. Ni, Pb and Set,
iron and steel plants (Cr, Mo, Sb and Zn) and the dumping of
sewage sludge (As. Mn and Pb). The atmosphere is the major
route of Pb entry in natural waters, a fact that has been well
documented in the literature""". The atmosphere also accounts
for over 40% of the V loading, a surprising observation in so
far as little is currently known about the atmospheric chemistry
of this element.

We are not aware of any published inventory pertaining to
the global discharges of metal pollution into the aquatic ecosys-
tems; excellent studies on the marine cycle of trace metals are
available however**"40. We infer from Table 4 that, for most of
the trace metals, the annual anthropogenic inputs into the water
exceed the quantities emitted to the atmosphere. Although air
pollution by toxic metals has been recognized as a matter of
concern, the impacts of loading large quantities of toxic metals
into the freshwater resources remain to be fully assessed on the
global or regional scale.

If it is assumed that only 25% of the industrial effluents are
discharged into lakes and riven (total volume, 1J «10" 1). the
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~
—

,.:.,.«
1 0 - 5 5

01-09
02- 1.2
11-13

0 5-36
0 1-06
3(1- It

o:-ot
c : -4?

Zn

01-0.5
01-06
1 0-50

004-1:

0 »-5 5
1 ('-10

1 0 -5?

003-0?
OOI-O*

Ot-10
75-1*0

i :-i?
10-22°

90ti-:.s(*

06-10
"0-50
30-130

1 6-6.5
04.94

' The emittion factor* thc-nn. which corretpond to the common concentration! of trace metalfl in the tolid wattet or liquid effiuentt hate been compiled from 4 wide *anct\ of tourcet including
ref, 5.19

- The concentration* gitcn are for the coal rather than for fl\ ath or bottom ath

average concentrations in these waters (based on 25% of the
median values in Table 41 would be increased by about 90 ng 1"'
for Hg, 180 ng r' for Cd, 800 ng I'1 for Se and As. 2.200 ng P1

for Cu and Ni. ~2.500ngrl for Zn and over 4,000 ng I"' for
Pb. The background concentrations of trace metals in unpolluted
lakes and rivers (see refs 41-43 Tor example) are. in general,
several-fold low er than these expected increases. In other words,
the current rate of worldwide industrial inputs greatly exceed
the baseline burdens of trace metals in the average Jake and
river. Most of the effluent discharges occur in Europe. North
America and some Asian countries, implying that the contamina-
tion of the freshwater resources in these regions may be much
more severe than is generally realized. This problem has not
elicited much discussion because (1) the available data bases
are often inadequate for assessing the degree of metal contami-
nation of many lakes and riven, and (21 the short half lives of
trace metals idue to their rapid transfer to the sediments) tend
to reduce the concentrations of pollutant metals in the water
column".

Discharges into the soil
Our inventory (Table 5) clearly suggests that soils are receiving
large quantities of trace metals from a wide variety of industrial
wastes. The two principal sources of trace metals in soils,
however, are the disposal of ash residues from coal combustion
and the general wastage of commercial products on land. Urban
refuse represents an important source of Cu, Hg, Pb and Zn
with notable contributions of Cd, Pb and V also coming via the
atmosphere. The large volumes of wastes associated with animal
husbandry, logging as well as agricultural and food production
can affect the trace metal budget of many soils significantly
(Table 5). Although municipal sewage sludge may not be a
particularly important source on a global scale, its trace metal
content is often so high that it is sometimes unsuitable for
disposal on land. On a local scale, municipal sewage represents
one of the most important sources of metal contamination in
soils.

If the total metal inputs were dispered uniformly over the
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—
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4-24
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0 06-0 4
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022-3 5
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::-M
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1 5-2"
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:*-»•
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:o:-:6?
479-1.113

-««
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195-.WO
•OS.. 1.195

Sb

0-9
0-0 f

0-5.5
o::-i j
004-02

0-0 II
0-016

:.6-::
—

004-045
OS-40
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4.1-47

26
IC-;4

»-!»
:»-s-

Se
0." 5

04-14

0-33
004-062
001-0 14

0-0 0»
0-019

41-40
002-010

0-041
oi-o.:
1 3-26
4.4-14

41
o:»-04i
oi-o:
64."

V

;.;;
Ml

1 1-99
0-1.4

o::-i 5

011-0 '6
O.OJ-fi 22

11-6"
005-01.'

001-1 •
06-: t

32-21
4j-ai

132
1 9-14

: s-f (•
4v. ;4:

Zn

i:-i5o
IJ"-320

1'-65
::-9-

!«.»•

o i>-:i
:--i9
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<•:•"! i
015 "< 5
J 10-6211

«• 1 t«
4«9-J.t54
1.?"

i«4-6:o
J I0-»:r.
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• The emiiiion figures are derived from ihe global waste disdtBrfn and the enimated emiitton factors ft%en in Tabk 2
1 Dcnved from ref. 45.
t This corresponds rou|hl> to the ojuanm> of plants eaiea) b> domettK animals'*.
I it is assumed thai each urban resident teneratet 6*01 refuse perdaV* and that 25*« of all the urban refuse is incinerated
C Kortdttde tewaie sludfe production u eiumaied to be JO mijion lotanes. assuminf average si jd|e production rate of 301 per capita'' per da\ in urban and rural communiiieV " It *

believed that 20% of the municipal iludfe is directl> discharged «t dumped imo aaiuatic ecos>sietM. about 10*. it incinerated and the rest i "0V , id disposed of on land
r Tht» ftfurc represents waste production in non-urea* am* •ojujsvltM so about 251 capita"' da\ '
• Auumini that each k| of metal processes or fabricated yt«M» 4.5 k| erf slaa and waste
" We have assumed that 75% of each of the trace metals pnsem its toal'*"1' is retained in the athes The annual coal production n|ure it from EnnrleprdM (ri>«u«a 4m Sorrl. l«t'
•• About 305 > 10* tonnes oC peat are «ed for aincuHire and «9 • If umes used for fuel We have assumed that '". of ihe trace metals in the peat burned are retained m the athes
:: We ha^e proposed that 1-15*« of the total annual production «f ihe metals ma> be discarded ilost due to corrosion for muancci. or dispersed in toils from usaic at chrmic«i. pesiiodet.

crop presenames. etc isee leni. The production nium used tin •illioit tonnesi are Cd-0014. AS.O,-006. Cnchromi»"»9. Sb-OM Co-0024 Cu>'9 . ra» steel >'U>. •»->«.
Mr,-9* H| •00055. Mo-0061. Ni-065: phosphate rock-1)7. Se-OWI4. V.005I. Zn-6.: iref 41.

H From Table 2. and ihe assumption specified in footnote 111 of the same table
> We have assumed the avera|e tenor for Pb. Cu. Si and Zn ore to be 2-6"> and that the lailinis contain 0.2". of each of these elements For Mo and \ Ihe ore tenoi i> «»umed to he

02-1.5*i and the tailints an left with 005*. of each element. Typical ore Tenor for H| is OI-O 5V and the lailmis are assumed to contain 00:'. Hi For CD. At. Sb and S< obumec rmmanl>
as hvproductt associated with base metals, it is assumed that 20-M** of each metal content of the ores are left in the iailma>

" The retention in smelter slats is estimated to be 1-5*. of the M| produced. S-10'. of the Ft. Cu. Ni. Zn. Mo and \. and 10-20*. of the At. Cd. Sb and Se produced

cultivated land area of I6x]0':m: (ref. 45), the annual rates
of metal application would vary from about 1.0 g ha"' for Cd
and Sb to about SO g ha"1 for Pb, Cu and Cr to over 65 g ha'1

for Zn and Mn. Although discernible increases have been noted
in the metal burdens of some surface soils2*'**, the large back-
ground reservoir of trace metals generally obscures such huge
loadings from industrial sources. Nevertheless, each soil has a
limited retention capacity for trace metals and there is growing
concern that many soils in Japan and central Europe either have
become or will soon become overloaded with toxic metals at
the current rate of anthropogenic input"'**1*'. The technology
for decontaminating such soils has yet to developed.
Conclusions
The inventories presented here clearly show that mankind has
become the most important element in the global bio-

geochemical cycling of the trace metals. The man-induced
mobilization of trace metals into the biosphere i median values
in thousand tonnes yr"' of the terrestrial plus aquatic inputs
minus atmospheric emissions I comes to about 120 for As. 30
for Cd, 2,150 for Cu, II for Hg. 110 for Mo. 470 for Ni, 1.160
for Pb, 12 for Sb. 79 for Se. 71 for V, and 2.340 for Zn. The
annual total toxicity of all the metals mobilized, in fact, exceeds
the combined total toxicity of all the radioactive and organic
wastes generated each year, as measured by the quantity of
water needed to dilute such wastes to drinking water stand'ard.
Each year, millions of tonnes of 'new' trace metals are produced
from the mines and subsequently redistributed in the biosphere.
The greatly increased circulation of toxic metals through the
soils, water and air and their inevitable transfer to the human
food chain remains an important environmental issue which
entails some unknown health risks for future generations.
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